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(57) Abstract 



A biosensor apparatus for detecting a binding event between a ligand and receptor. The apparatus includes an electrode substrate 
coated with a high-dielectric hydrocarbon-chain monolayer, and having ligands attached to the exposed monolayer surface. Binding of a 
receptor to the monolayer-bound ligand. and the resultant perturbation of the monolayer structure, causes ion-mediated electron flow across 
the monolayer. In one embodiment, the monolayers have a coil-coil hetcrodimer embedded therein, one subunit of which is attached to the 
substrate, and the second of which carries the ligand at the monolayer surface. 
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interacting with a selected pharmacological target, such as a membrane bound receptor or 
cellular enzyme. 

High-throughput screening methods typically employ simple ligand displacement assays 
to detect and quantitate ligand binding to a receptor. Displacement assays have the advantage 
5 of high sensitivity, €,g., where the displaced ligand is radiolabeled, and also allow for the 
determination of ligand-receptor binding affinity, based on competitive displacement of a 
binding agent whose binding affmity to the target receptor is known. 

In both diagnostics and high-throughput screening, there is increasing interest in 
developing electrochemical biosensors capable of detecting and quantifying ligand-receptor 
10 binding events. Such biosensors are designed to produce electrical signals in response to a 
selected analyte-specific event, such as a ligand-receptor binding event. The interest in 
biosensors is spurred by a number of potential advantages over strictly biochemical assay 
formats, such as those discussed above. 

First, biosensors may be produced, using conventional microchip technology, in highly 
15 reproducible and miniaturized form, with the capability of placing a large number of biosensor 
elements on a single substrate. 

Secondly, because small electrochemical signals can be readily amplified (and subjected 
to various types of signal processing if desired), biosensors have the potential for measuring 
minute quantities of analyte, and proportionately small changes in analyte levels. 
20 A consequence of the features above is that a large number of different analytes can be 

detected or quantitated by applying a small sample volume, e.g., 10-50 ^1, to a single multi- 
sensor chip. 

Heretofore, electrochemical biosensors have been more successfully applied to detecting 
analytes that are themselves electrochemical species, or can be participate in catalytic reactions 

25 that generate electrochemical species, than to deteaing ligand-receptor binding events. This 
is not surprising, given the more difficult challenge of converting a biochemical binding event 
to an electrochemical signal. One approach to this problem is to provide two separate reaction 
elements in the biosensor: a first element contains a receptor and bound enzyme-linked ligand, 
and the second element, components for enzymatically generating and then measuring an 

30 electrochemical species. In operation, analyte ligand displaces the ligand-enzyme conjugate 
from the first element, releasing the enzyme into the second element region, thus generating 
an electrochemical species which is measured in the second element. 

Two-element biosensors of this type are relatively complicated to produce, particularly by 
conventional silicon-wafer methods, since one or more biological layers and permselective 
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The aqueous solution of redox species in contact with the monolayer is held in a chamber 
that is also designed to receive sample receptor, to bring the receptor into contact with ligand 
on the monolayer. Ion-mediated electron flow across said monolayer, in response to binding 
events occurring between said receptor and ligand, is measured in an electrical circuit in the 
S apparatus. 

In a preferred embodiment, the monolayer is composed of 8-22 carbon atom chains 
attached at their proximal ends to the deteaion surface, eg,, a gold surface, by a thiolate 
linkage. The chains have a preferred molecular density of about 3 to 5 chains/nm^. 

The dielectric constant of the monolayer in the presence of the solution of redox species, 
10 but in the absence of the binding receptor, is preferably less than about 2, with a change in the 
dielectric constant of 10% or more, by receptor binding to the ligand, being readily detectable. 

Exemplary ligand-receptpr pairs include antigen-antibody, hormone-receptor, drug- 
receptor, cell-surface antigen-lectin, biotin-avidin, substrate/antibody and complementary 
nucleic acid strands, where the ligand is typically the first-named of these pairs. Where the 
15 apparatus is used to detect a ligand or analog of the ligand, the apparatus may further include 
a receptor which competes with the analyte ligand or analog for binding to the ligand on the 
monolayer. One exemplary ligand is an oligosaccharide ligand, and one exemplary receptor, 
the Verotoxin receptor, also known "Shiga-like toxin". 

The electrode employed in the biosensor may be prepared, in accordance with another 
20 aspect of the invention, by (i) subjecting the conductive metal surface of the electrode substrate 
to mild oxidation conditions, (ii) adding to the substrate, a solution of hydrocarbon chains 
having lengths between 8-22 carbon atoms and derivatized at one chain end with a thiol group, 
and (iii) applying a positive potential to the electrode. The potential placed on the electrode 
is preferably at least 250 mV vs NHE (normal hydrogen electrode), in a solution containing 
25 the alkyl thiol to be deposited, and electrolytes including lithium ion and perchlorate anions. 
A selected ponion of the hydrocarbon chains are derivatized at their ends opposite the thiol 
group, with the ligand of interest. The oxidative conditions applied to the electrode surface are 
such as to produce deposition of a monolayer of close-packed, oriented chains on the substrate, 
as evidenced by the ability of the electrode to form an effective barrier to electron ion flow 
30 across the monolayer mediated by a redox ion species in an aqueous solution in contact with 
the monolayer. 

In another general embodiment of the biosensor apparatus, ligand molecules are atuched 
to the hydrocarbon chains forming the monolayer in the electrode through a heterodimer- 
subunit complex composed of first and second peptides that together form ot-helical coiled-coil 



wo 97/41425 



PCT/CA97/00276 



5 

heierodimer. where: (i) the first peptide is covalently bound to the electrode surface through 
a spacer, such as an oligopeptide or hydrocarbon chain; (ii) the ligand is covalently attached 
to the second peptide; (iii) binding of the second peptide to the first peptide, to form such 
complex, is effective to measurably reduce the elecuon flow across the monolayer mediated 
5 by such redox ion species, relative to electron flow observed in the presence of the first peptide 
alone; and (iv) binding of a ligand-binding receptor to the ligand, with such forming part of 
said complex, is effective to measurably increase the electron flow across of the monolayer 
mediated by such redox species. 

Also contemplated is an electrode for use in a biosensor apparatus of this type, composed 
10 of a substrate having a detection surface and ligand molecules attached to surface through an 
a-helical coiled-coil heterodimer of the type detailed above. 

The elecuode just described can be produced, in accordance with another aspect of the 
invention, by contacting together: (a) a detection surface having attached thereto, a first 
heterodimer-subunit peptide, and (b) a second heterodimer subunit capable of binding to the 
15 first subunit to form an a-helical heterodimer, and having a covalently attached ligand capable 
of binding specifically to such ligand-specific receptor. 

These and other objects and features of the invention will become more fully apparent 
when the following detailed description of the invention is read in conjunction with the 
accompanying drawings. 

20 

Brief Description of the Drawings 

Fig. 1 is a simplified, partly schematic view of the a biosensor apparatus constructed in 
accordance with the invention; 

Fig. 2 is an enlarged view of a region the electrode in the biosensor shown in Fig. 1; 
25 Figs. 3A-3C illustrate three methods for forming a biosensor electrode having a lipid 

monolayer and attached ligand molecules, in accordance with the invention; 

Fig. 4. is a plot of monolayer thickness as a fiinaion of applied voltage in an elearode 
monolayer formed in accordance with the method illustrated in Fig. 3B; 

Fig. 5 illustrates the triggering of conductance by receptor-ligand interaction on a 
30 biosensor electrode, in accordance with the invention; 

Figs. 6A and 6B illustrate the perturbation of lipid monolayer structure with binding of 
PAK peptide to disaccharide ligands on a monolayer; 
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invention. The apparatus includes a working electrode 22 having a conductive detection surface 
24, and a hydrocarbon-chain monolayer 26 formed on the detection surface. In the 
embodiment shown, the detection surface is the upper surface of a conductive film 28 deposited 
on an electrode substrate 30, which may be non-conductive material. Details of the monolayer 
5 formed on the detection surface, and the method of forming the monolayer on the surface, are 
discussed below, 

A cover 32 in the apparatus has an upper wall 34, and side walls, such as wall 34, which 
are joined to edge regions of the electrode substrate to form a closed chamber 38 therewith. 
The chamber serves to hold an aqueous electrolyte solution required for biosensor operation, 
10 as will be described. Liquid may be introduced into or withdrawn from the chamber through 
a valved port 39 as shown. Although not shown, the chamber may include a second port or 
vent to facilitate liquid flow through the port. 

A reference electrode 40 and a counter electrode 42 in the apparatus are carried on the 
chamber-facing surface of wall 34, as shown, and are thus both in conductive conuct with 
15 electrode 22 when the chamber is filled with electrolyte solution. The reference elecUode, 
which is held at ground, serves as the voltage potential reference of the working electrode, 
when a selected potential is placed on the working electrode by a voltage source 44. This 
potential is measured by a voltage meaning device 46 which may additionally include 
conventional circuitry for maintaining the potential at a selected voltage, typically between 
20 about -500 to +800 mV. 

Voltage source 44 is connected to counter electrode 42 through a current measuring device 
48 as show, for measuring current flow between the two electrodes during biosensor operation. 
The reference and counter electrodes are Pt, Ag, Ag/AgCl, or other suitable electrodes. The 
reference and working electrodes, and the circuitry connecting them to the working electrode, 
25 are also referred to herein, collectively, as means for measuring ion-mediated electron flow 
across the working-electrode monolayer, in response to ligand-receptor binding events 
occurring at the monolayer surface. 

Fig. 2 is an enlarged view of a portion of the working electrode, including the electrode 
monolayer, showing individual hydrocarbon chains, such as chains 50, forming the monolayer, 
30 and ligand molecules, such as molecules 52, covalently atuched to distal ends of the 
hydrocarbon chains. The ligand employed in the biosensor is a selected binding parmer in a 
Ugand/receptor binding pair, where the analyte to be detected is related to one of the two 
binding partners. Ligand-receptor binding pairs used commonly in diagnostics include antigen- 
antibodyj hormone-receptor, drug-receptor, cell surface antigen-Iectin, biotin-avidin, and 
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The diffusion reaction is carried out under conditions suitable for coupling the derivatized 
chains to the detection surface. Where the chains have thiol coupling groups, and the electrode 
surface is gold, the surface is subjected to mild electro-chemically oxidizing conditions, with 
a perchlorate salt present in solution, then reacted with the chains under mildly oxidizing 
5 conditions. 

The extent of packing can be monitored, for example, by ellipsometry measurements to 
determine the thickness of the layer on the detection surface. At naaximum density, i.e., 
saturation, a given chain length will produce a given monolayer thickness. As a guide, C22 
chains produce a maximum monolayer thickness of about 30 A, and shorter length chains, 
10 proportionately thinner monolayers. Thus, in the case of a monolayer formed of C22 chains, 
the passive buildup of the monolayer may be stopped when a 25A monolayer thickness is 
observed. 

The second diffusion step involves the passive diffusion of ligand-derivatized thiol-chains 
56 onto the partially formed monolayer, indicated at 60, again under suitable thiolate coupling 

IS conditions, until a high-density monolayer 62 is achieved, as evidenced, for example, by the 
measured thickness of the monolayer and/or a plateauing of the thickness/time curve. 

Although this approach has been applied successfully to monolayer production in the 
invention, it suffers from two limitations. First, rather long diffusion times- on the order of 
one to several days— are required to reach maximum packing density. Secondly, the percent 

20 chains containing attached ligands is difficult to control reproducibly, so that the final 
monolayers will have variable mole percentages of ligands, and thus, different performance 
characteristics. 

These limitations are substantially overcome in the method illustrated in Fig. 3B, in 
accordance with another novel aspect of the invention. In this approach, a mixture of free and 

25 ligand-carrying hydrocarbon chains, such as chains 66, 68, respectively, at a desired mole 
ratio, are actively driven to the surface by applying a positive voltage potential to the substrate, 
here indicated at 64. In practice, the hydrocarbon chain mixture (about 1 mM hydrocarbon 
chains) in an ethanolic solution of 100 mM Li perchlorate, neutral pH, is added placed over 
the electrode, and a selected potential is applied to the electrode. The buildup of the monolayer 

30 can be monitored by increase in layer thickness, as above. Preferably, however, monolayer 
formation is monitored by measuring electron flow across the monolayer, e.g., employing the 
circuit configuration shown in Fig. 1. In this case, formation of the monolayer, indicated at 
70, will be characterized by a steady drop in electrode current, until a stable low current flow 
is reached, at which point maximum chain packing has been achieved. 
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spontaneously self-assemble into heterodiraers, effectively coupling the ligand to the monolayers 
with the high affinity constant of the two heterodimers. 

The method provides, in addition to the advantages mentioned above with respect to Fig. 
3B, a **universal" biosensor substrate which can be modified to include one of a large number 
5 of different ligands in the substrate monolayer, simply by contacting the universal substrate 
with a conjugate of the oppositely charged peptide subunit and the selected ligand. In the 
example shown in Fig. 3C, a universal substrate monolayer 80 is converted to a ligand-specific 
monolayer 88 by addition of the ligand-specific conjugate 82. 

10 C. Biosensor Characteristics: Directly Attached Ligand 

This section examines the dielectric properties of the biosensors of the invention, as 
evidenced by the conductance properties of the biosensor monolayer membranes in the presence 
and absence of ligand-receptor binding. The present section considers membranes having 
directly atuched ligands of the type described with respect to Figs. 3A and 3B, The next 

15 section examines similar electrical properties in biosensor membranes in which the ligand is 
attached through heterodimer peptide subunits, as described with respect to Fig. 3C. 

The basic operational features of the biosensor are illustrated in Fig. 5. The figure shows 
a biosensor electrode 90 in a biosensor apparatus of the type described in Fig. 1, where an 
electrode monolayer 92 is formed, as above, of a densely ordered array of hydrocarbon chains 

20 containing ligand molecules, such as molecule 94, attached to the distal ends of some of the 
chains. 

The electrode is in contact with a solution of ionic species, indicated at 98, capable of 
undergoing a redox reaction, i.e., losing or gaining an electron, at a suitably charged electrode. 
Exemplary redox species are Fe(CN)6^'*', as a negatively charged species, and RuCNHjV''''" 

25 as a positively charged species. Other probes which can be used include MoCCN)^^ (Eq = 
+ 800 mV), W(CN),^ (Eo= +580 mV), Fe(CNV (Eo= +580 mV), Ce*^'^% (Eo= + K4V), and 
Fe*^* (Eo= 4-666mV). Typical redox ion concentrations are between 0.01 and 10 mM. The 
redox solution is contained in chamber, like chamber 38 in Fig. I, and is in contact with 
reference and counter electrodes. 

30 The voltage potential placed on the electrode, i.e., between the electrode and reference 

electrode, is typically at least 90 mV above the electrochemical potential (e^) value of the redox 
species, for oxidation, and at least 90 mV below the electrochemical potential, for reduction 
of the species. Consider, for example, FeCCN)^'"'*'. with an Eq of 450 mV (vs. NHE). Above 
about 550 mV electrode potential, any Fe2+ species is oxidized to Fe3 + , and at an electrode 
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As another example, the biosensor electrode illustrated in Figs, 8A-8C (electrode 22 from 

Fig. 2) has a trisaccharide ligand 52 which is shown before and after receptor binding in Fig. 

6 A and Figs. 6B and 6C, respectively. Synthesis of the trisaccharide-hydrocarbon chain used 

in the membrane is described in Examples IB and IC. The elecuode was prepared as 
5 described with reference to Fig. 3B, employing a ratio of non-ligand to ligand-chains of about 

4 to 1. The disaccharide is specifically reactive with a Verotoxin, indicated at 106, forming 

a ligand-receptor pair. Verotoxin was prepared as described in Example 2. 

Figs, 8B and 8C illustrate two possible binding configurations. The configuration in Fig, 

SBhas little effect on the monolayer structure, and hence on biosensor current, because binding 
10 is "remote" from the membrane surface; the configuration illustrated in Fig. 8C, by contrast, 

produces significant perturbation of the monolayer structure, and thus would be expected to 

significantly enhance biosensor current. 

The oxidation and reduction current plots shown in Fig. 9 demonstrate that Verotoxin 

binding to the membrane does in fact produce a major change in monolayer structure. As seen, 
15 both oxidation and reduction current increase from near-zero levels, in the absence of 

Verotoxin, to a level in the ^xArnp range an hour after Verotoxin is introduced into the 

biosensor. 

In the examples above, the stimulation of biosensor current by receptor binding may be 
the result of (i) steric perturbation of the monolayer chains, as indicated in Figs. 6B and 8C, 

20 (ii) charge effects on the monolayer surface due to charged groups on the receptor, or (iii) a 
combination of the both effects. Studies conducted in support of the invention indicate that 
both effects can be operative. 

The effect of hydrocarbon-chain disruption in the biosensor monolayer, was examined by 
plotting biosensor current as a ftinction of electrode temperature. If lipid-chain disruption leads 

25 to greater electron flow in the bioserwor, raising the temperature of the monolayer, and thus 
the motion of the lipid chains, should increase measured electron flow mediated by redox 
carriers. This was in fact observed, as seen in Fig. 10. The current/temperature plot has a 
peak corresponding to the phase transition temperature of the monolayer chains (about 55 ""C), 
consistent with the idea that maximum lipid disruption occurs at the point of maximum extent 

30 of phase boundaries in the hydrocarbon chains. 

The effect on conductance of charge on the monolayer surface can be seen from Figs. 1 1 
and 12. In the study represented in Fig. 1 1 A, a negatively charged ligand was attached to the 
distal ends of a portion of the chains forming the monolayer. In the figure, the electrode is 
indicated at 108, the monolayer, at 110, chains forming the monolayer, at 112, and chain- 
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rise to an a-helical conformation may be broken down into units of 7 residues each, termed 
heptads. The heterodimer-subunit peptides are composed of a series of heptads in tandem. 
When the sequence of a heptad is repeated in a particular heterodimer-subunit peptide, the 
heptad may be referred to as a "heptad repeat", or simply "repeat". 

5 Specific types of amino acid residues at defined positions in each heptad act to stabilize 

the two-stranded a-helical coiled-coil heierodimeric structure or complex. The heterodimer 
peptides may also contain residues that can be reacted (either intra- or inter-helically) to 
stabilize the a-helical or coiled-coil nature of the polypeptides. One example of a stabilizing 
modification is the incorporation of lactam bridges in the first and last (terniinal) repeats of 

0 heterodimer-subunit peptides, as detailed in PCT application WO CA95/00293 for 
"Heterodimer Polypeptide Immunogen Carrier Composition and Method", publication date 23 
November 1995, which is incorporated herein by reference. 

The dimerization of HSPl and HSP2 is due to the presence of a repeated heptad motif of 
conserved amino acid residues in each peptide's primary amino acid sequence. Repeating 

5 heptad motifs having appropriate amino acid sequences direct the HSPl and HSP2 polypeptides 
to assemble into a heterodimeric a-helical coiled-coil structure under permissible conditions. 
The individual a-helical peptides contact one another along their respective hydrophobic faces. 

HSPl and HSP2 may assemble into a heterodimer coiled-coil helix (coiled-coil 
heterodimer) in either parallel or antiparallel configurations. In a parallel configuration, the 

0 two heterodimer-subunit peptide helixes are aligned such that they have the same orientation 
(amino-terminal to carboxyl-terminal). In an antiparallel configuration, the helixes are arranged 
such that the amino-terminal end of one helix is aligned with the carboxyl-terminal end of the 
other helix, and vice versa. 

Heterodimer-subunit peptides designed in accord with the guidance presented in the above 

5 PCT application typically show a preference for assembling in a parallel orientation vs. an 
antiparallel orientation. For example, the exemplary peptides identified by SEQ ID NO: 1 and 
SEQ ID NO:2 in the above CA95/00293 PCT patent application, form parallel-configuration 
heterodimers as do other peptide sequences discussed in the PCT application. When attaching 
a ligand to HSP2, it is generally desirable to attach the ligand at or near the end of the peptide 

►0 that will form the distal end of the heterodimer. In particular, where the heterodimer forms 
a parallel configuration, the HSPl peptide is preferably anchored to the biosensor surface at 
its C terminus, and the ligand attached to the HSP2 peptide at its N terminus. 

As just noted, one of the two subunit peptides (HSPl) in the heterodimer is attached to the 
biosensor surface, and the second peptide (HSP2) contains a ligand intended to participate in 
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groups of cysteine residues, which are easily modified by standard methods. Other useful 
coupling groups include the thioester of methionine, the imidazolyl group of histidine, the 
guanidinyl group of arginine, the phenolic group of tyrosine and the indolyl group of 
tryptophan. These coupling groups can be derivatized using reaction conditions known to those 
5 skilled in the art. 

To attach the ligand-derivatized HSP2 peptide to the surface-immobilized HSPl peptide, 
the two peptides are contacted under conditions that favor heterodimer formation. A medium 
favoring coiled-coil heterodimer formation is a physiologically-compatible aqueous solution 
typically having a pH of between about 6 and about 8 and a salt concentration of between about 
10 50 mM and about 500 mM. Preferably, the salt concentration is between about 100 mM and 
about 200 mM. An exemplary benign medium has the following composition: 50 mM 
potassium phosphate, 100 mM KCl, pH 7. Equally effective media may be made by 
substituting, for example, sodium phosphate for potassium phosphate and/or NaCl for KCl. 
Heterodimers may form under conditions outside the above pH and salt range, medium, but 
15 some of the molecular interactions and relative stability of heterodimers vs. homodimers may 
differ from characteristics detailed above. For example, ionic interactions between the ionic 
groups that tend to stabilize heterodimers may break down at low or high pH values due to the 
protonation of, for example, Glu side chains at acidic pH, or the deprotonation of, for example, 
Lys side chains at basic pH. Such effects of low and high pH values on coiled-coil heterodimer 
20 formation may be overcome, however, by increasing salt concentration. 

Increasing the salt concentration can neutralize the stabilizing ionic attractions or suppress 
the destabilizing ionic repulsions. Certain salts have greater efficacy at neutralizing the ionic 
interactions. For example, in the case of the K-coil peptide in Fig. 2A, a IM or greater 
concentration of CIO4' anions is required to induce maximal of-helical structure, whereas a 3M 
25 or greater concentration of CI" ions is required for the same effect. The effects of high salt on 
coiled-coil formation at low and high pH also show that interhelical ionic attractions are not 
essential for helix formation, but rather, control whether a coiled-coil tends to form as a 
heterodimer vs. a homodimer. 

Fig. 13A shows a biosensor electrode 124 in which the hydrocarbon chain monolayer, 
30 indicated at includes a K coil peptide subunits, such as subunit 128, as described above. In the 
embodiment shown, each peptide subunit is coupled to the electrode surface via a tripeptide 
spacer, such as spacer 130 in subunit 128, which is itself attached to the electrode surface 
through a sulfhydryl linkage, as shown. The peptide, including the peptide spacer, is formed 
conventionally, e.g., by solid phase synthesis. The amount of peptide subunit in the monolayer 
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Example 1 

Synthesis of Receptors in a Form Suitable For Immobilization on a Gold Electrode 
Selective tosylation of 1, 16-dihydroxyhexane provided the monotosylated alcohol 1 in 42% 
yield. Trisaccharide 2, obtained as described in the literature (Janson, et al,, J. Org. Chem. 
5 ^:5629 (1988)), was converted into an anomeric mixture of trichloroacetamidates 3. 
Glycosyiation of alcohol 1 with glycosyl donor 3 in CH^Clj in the presence of a catalytic 
amount of trimethylsilyl trifluoromethanesulfonate gave trisaccharide glycoside w-tosylate 4, 
which was used in the next step without purification. The tosyloxy group of compound 4 was 
displaced by thiocyanate to provide the trisaccharide glycoside 5, terminated at the reducing 
10 end by spacer-arm containing the masked thiol function. Reduction of thiocyanate by the action 
of sodium borohydride (Olsen, R.K., and Snyder, H.R., /. Org, Chem. 30:184 (1965).) 
followed by saponification of acetate groups gave trisaccharide receptor 6. 

The disaccharide imidate 7 was reacted with alcohol 1 in a similar fashion to that described 
for the trisaccharide 4. Synthesis of the disaccharide glycosyl donor 7 is not described here 
15 but follows established methods that are considered a general art, Nucleophilic substitution of 
the tosyloxy group by thiocyanate was carried out as described for preparation of 5 to give 
compound 8. Reduction of thiocyanate accompanies by deacetylation afforded synthetic 
disaccharide receptor 9, 

A. 16-rp-Tolue nsulfonvloxv^hexadecanol (Structure H 
20 To a solution of 1.1 g of 1,16-dihydroxyhexadecane in 10 ml of dry pyridine 0.8 g of 

tosyl chloride was added. After 2 h mixture was concentrated diluted with 20 ml of acetone, 
5 g of SiO^ was added and acetone was removed in vacuum. The solid was applied on SiOj 
and eluted with pentane-ethyl acetate (2:1) to yield 748 mg (42%) of C-lOl. 

25 B, 2.3.4.6-tetra'0-acetvl-D-galactopvranasvlfal-*4V6-0-acetvl-2.3-di-0-benzovl-D- 
galactODvra nosvHfll->4V2.3.6-tri-0-benzovl-D-glucopvranosvlffll-»0)-f 16- 
thiocvano^hexadecanol ( Structure 5^ 

A mixture of 277 mg of imidate, 100 mg of C-101 and 0.5 g of mol. sieves (4A) was 
stirrer! for 1 h. Then 8 /xl of TMSOTf was added. After 2 h 1 ml of EA was added, solid was 
30 removed by filtration. Filtrate was concentrated and dried in vacuum. A solution of the 
residue and 200 mg of KSCN in 6 ml of DMF was stirred at 80°C for 2 hours. Mixture was 
concentrated, dissolved in 30 nU of CHjCK, washed with water and concentrated again. 
Chromatography of the residue on SiO, with pentane-ethyl acetate (3:2) gave 225 ml (73%) of 
C-105. 
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concentrated using an Amicon ultrafiltration unit. The concentrated SLT-I was stable for weeks 
at 4°C and could be frozen for extended periods of time without appreciable loss of activity. 
On average, 61% (n = 10, SD mean = 8, range 48% to 76%) of the SLT activity in the 
original Polymyxin-treated TSB cultures was recovered in the TN fraction eluted from the 
5 SYNSORB-Pl. SDS-polyacrylamide gel electrophoretic analysis of the SLT-I preparation 
revealed two prominent Coomassie blue-stained bands. The molecular weight of these two 
bands was calculated to be 35,000 and 7,500, respectively. The 7.5 KDz band reacted in 
western immunoblois with SLT-I but not SLT-II B subunit-specific monoclonal antibody. 
Amino terminal microsequence analysis of both bands confirmed their identity as the A and B 
10 subunits of SLT-I. Average yield of SLT-I was 0.32 mg/L (n = 8, SD mean = 0.3, range 
O.l to 0.8) of TSB culture and its specific activity in the Vero cytotoxicity assay was 4.4 
pg/mL/CDjo- The results demonstrate the utility of SYNSORB in the facile and rapid 
purification of carbohydrate binding toxins or lectins. 

15 Although the invention has been described with respect to various specific embodiments 

and methods, it will be appreciated that various modifications and changes can be made without 
departing from the invention. 
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4. The apparatus of claims I or 2, wherein the electrode has a gold detection surface and 
said monolayer is composed of 8-22 carbon atom chains attached at their proximal ends to the 
detection surface by a ihiolate linkage. 

5 5. The apparatus of claims 1 or 2, wherein said chains have a molecular density of about 

3 to 5 chains/nm^. 

6. The apparatus of claim 4 wherein the dielectric constant of said monolayer, in the 
presence of such solution but in the absence of such binding receptor, is less than about 2. 

10 

7. The apparatus of claim 5, wherein the change in dielectric constant of said monolayer, 
in the presence of such solution and a detectable amount of such binding receptor, is at least 
about 10%, 

15 8. The apparatus of claims 1 or 2, for use in detecting the presence, in a body-fluid 

sample, of a receptor which forms with said ligand. a ligand-receptor binding pair selected 
from the group consisting of antigen- antibody, hormone-receptor, drug-receptor, cell-surface 
antigeh-leclin, biotin-avidin. oligosaccharide-binding receptor, oligonucleotide-DNA binding 
protein, and complementary nucleic acid strands, wherein said ligand is selected from the group 

20 consisting of antigens, hormones, drugs, cell-surface antigens, and oligonucleotides. 

9. The apparatus of claim 8, wherein the ligand is an oligosaccharide. 

10. The apparatus of claim 9, wherein the ligand is a trisaccharide, and the receptor is 
25 a Verotoxin receptor. 

11. The apparatus of claim 10, wherein the ligand is an oligonucleotide having a selected 
nucleotide sequence, and the receptor is a target polynucleotide having a region of sequence 
complementary to that of the ligand. 

30 

12. The apparatus of claims 1 or 2, for use in detecting the presence, in a body-fluid 
sample, of a ligand analyte which forn\s with a receptor, a ligand-receptor binding pair selected 
from the group consisting of antigen-antibody, effector-receptor, drug-receptor, cell-surface 
antigen-lectin, biotin-avidin, oligonucleotide sequence-DNA binding protein, and first and 
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17. The method of claim 15, wherein the hydrocarbon chains are Cj to chains 
containing thiol groups at one end, and a portion of the chains contain a chemical functional 
group at the other end. 

5 18. A method of producing a ligand-specific biosensor for use in a biosensor apparatus 

capable of detecting a binding event between a iigand and ligand-binding receptor, said method 
comprising 

contacting together: 

(a) a biosensor electrode having (i) a detection surface, (ii) formed on said detection 
10 surface, a monolayer composed of hydrocarbon chains anchored at their proximal ends to the 

detection surface, and (iii) embedded in the hydrocarbon-chain monolayer and covalently 
attached to the detection surface, a first heterodimer-subunit peptide, and 

(b) a second heterodimer subunit capable of binding to said first subunit to form an a- 
helical heterodimer, said second peptide having a covalently attached ligand capable of binding 

15 specifically to such ligand-specific receptor, and 

by said contacting forming such heterodimer in said monolayer, 

where said chains are sufficiently close-packed and ordered to form an effective barrier 
to electron flow across the monolayer mediated by a redox ion species in an aqueous solution 
in contact with the monolayer, in the absence of attachment to the chains of said first peptide, 

20 with (i) attachment of the first peptide to the chain ends being effective to measurably increase 
such electron flow, relative to electron flow in the absence of such attachment, (ii) binding of 
the second peptide to the chain-attached first peptide to form such heterodimer being effective 
to measurably reduce such electron flow, relative to electron flow in the presence of the 
attached first peptide alone, and (iii) binding of a ligand-binding species to a ligand covalently 

25 attached to the second peptide in such heterodimer being effective to measurably increase such 
electron flow across the monolayer, relative to electron flow in the presence of the heterodimer 
alone. 

19. The method of claim 18, wherein the electrode has a gold detection surface and said 
30 monolayer is composed of 8-22 carbon atom chains attached at their proximal ends to the 

detection surface by a thiolate linkage. 

20. The method of claim 18, wherein said chains have a molecular density oif about 3 to 
5 chains/nm^. 
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